The thrust characteristic and efficiency of synthetic jet underwater is easily affected by the geometrical parameters. In this paper, the influence of nozzle geometrical parameters on the thrust of synthetic jet underwater is investigated through numerical method. The geometrical parameters studied include nozzle diameter and nozzle height. The numerical method is validated using the experiment data. A mathematical model of the thrust is established. This model decomposes the thrust into three parts. By adjusting the weights of these parts, the dynamic characteristic of the thrust can be rebuilt. Using this method, the mechanism behind the thrust variation with nozzle geometrical parameters is analyzed. The variation of the thrust with the nozzle diameter is induced by the increase of the acceleration force and the decrease of the pressure force. When the nozzle diameter is small, the thrust is velocity dominated. While when diameter is large, the thrust is acceleration dominated. The thrust variation with nozzle height has two different patterns. The pressure force dominates the first pattern of thrust variation. And the acceleration force contributes more to the second pattern of thrust variation. The results in this paper can be used for the efficiency oriented optimal design of synthetic jet actuator underwater.
Introduction
Most underwater robots employ screw propeller for propulsion. When actuated by screw propellers, water is accelerated not only in the axial direction but also in the radial direction. However, only the momentum in the axial direction can generate thrust. So a significant part of energy is dissipated without thrust generation. As a result, the efficiency of screw propellers is low. What is more, the extruded screw propellers can induce significant resistance.
In nature, there exit many marine creatures propelled by jets, such as squid and jellyfish. These creatures ingest the surrounding fluid into a large mantle cavity and then eject the fluid with a high momentum through a nozzle near its tentacles. The high energy shear layer rolls into an array of vortex rings and carries the fluid away from the squid.
The widely used screw propeller is also a type of jet propulsion. The velocity of the jet created by screw propellers merely change. This type of jet is called steady jet. On the other hand, the velocity of the jet created by jellyfish or octopus changes from time to time. This type of jet is called pulsed jet.
Studies about pulsed jet found that compared with the steady jet, pulsed jet possess higher propulsion efficiency [1] [2] [3] [4] [5] [6] . Weihs [7] , Seikman [8] and Krueger and Gharib [6] have shown that pulsed jet can give rise to a greater average thrust than steady jet of equivalent mass flow rate. Ruiz, Whittlesey and Dabiri [5] found through experiment that pulsed jet has a propulsion efficiency 40% higher than that of steady jet, and the drag-based hydrodynamic efficiency increase more than 70%.
Synthetic jet is essentially pulsed jet. So, synthetic jet also possesses high propulsion efficiency. By the merits of high efficiency, compact structure and minimal effect on the vehicle's drag, synthetic jet underwater is attracting more and more attention and research [9] [10] [11] [12] [13] [14] . Krieg and Mohseni [11, 12] developed an underwater robot with synthetic jet actuator mounted inside. The experiment with the robot showed the synthetic jet actuator induced the robot rotation of 2.23r/min. It demonstrated the effectiveness of synthetic jet in the steering of underwater robots. Serchi et al. [13] designed a soft robot which replicates the ability of cephalopods to travel in the aquatic environment by means of pulsed jet propulsion. The prototype demonstrated the fitness of vortex enhanced propulsion in designing soft unmanned underwater vehicles. Ruiz et al. [5] investigated the mechanism behind the Decay rate of the axial velocity k Coefficient accounting for the velocity distribution G Gravity F cf Centrifugal force T water ,T air Force measured by the force sensor under water and in air V p ,a p Velocity and acceleration of the piston Function describing the thrust dynamic characteristic thrust enhancement induced by the vertical structures. The experiments demonstrate that propulsive efficiency of synthetic jet is over 50% greater than the performance of the steady jet. Whittlesey and Dabiri [4] utilized a self-propelled vehicle to explore the dependence of propulsive efficiency on the vortex ring characteristics. These experiments demonstrated the importance of vortex ring pinch off in self-propelled vehicles. Synthetic jet in air is also intensively researched [15] [16] [17] [18] [19] [20] [21] [22] . The geometrical parameters have a great effect on its fluidic characteristic. Jain et al. [23] studied effects of cavity and orifice parameters on the characteristics of a synthetic jet actuator through numerical method using Fluent. The geometrical parameters such as cavity height, cavity diameter, orifice height, and orifice diameter as well as cavity shape are investigated. It's found synthetic jets are more affected by changes in the geometric parameters of the orifice than those of the cavity. Studies about the orifice showed that there is an optimum orifice height where the maximum flow can be obtained. This means the performance of the synthetic jet actuator can be enhanced through the optimal design of the orifice parameters. Lv et al. [24] studied effects of actuator parameters and excitation frequencies on the fluidic characteristics of synthetic jet. It was found that when the diaphragm is excited at relative higher frequency, the synthetic jet is affected seriously by the orifice thickness. Besides the orifice thickness, orifice radius also has a big effect on the fluidic characteristic. Small orifice radius restricts the ejection and suction capacity of the synthetic jet actuator. In this case, the mass flux is greatly reduced. To realize the best performance, the geometrical parameters of the orifice should be carefully designed. Zong et al. [25] studied the influence of geometrical parameters on the performance of a plasma synthetic jet actuator. The results showed that orifice with large diameter produces strong perturbation, which means better performance. On the other hand, a small orifice diameter induces a lasting jet with low mass flux. And the orifice with small thickness experience better high frequency performance. Feero et al. [26] studied the influence of cavity shape on synthetic jet performance. Cylindrical, conical and contraction shaped cavities were considered. The results demonstrated that for several operating conditions near Helmholtz resonance of the cavity, noticeable differences were observed in the radial velocity profiles between the three geometries. The cylindrical shape can achieve maximum momentum flux. While, the more complex contraction shape has lower power consumption. These studies only considered the fluidic characteristic of the actuator. The thrust characteristic of the actuator is seldom investigated. This is partly due to the low density of air. Compared with the fluidic parameters such as velocity and pressure, the thrust of the actuator is negligible. The other reason is related to its application.
Synthetic jet in air is mainly used for active flow control. The synthetic jet actuator transfers linear momentum to the surroundings by alternately ingesting and expelling fluid. The high momentum transferred by the jet flow will strongly alternate the pressure distribution in the vicinity of the orifice. Thus the flow field can be controlled. So, studies about synthetic jet in air mainly concern the velocity distribution and mass flux at the nozzle. On the other hand, synthetic jet underwater is mainly used for propulsion. Thrust is the main concern. Like synthetic jet in air, the geometrical parameters will also have a great effect on the thrust and efficiency of synthetic jet underwater. However, the existing studies on synthetic jet underwater only focus on actuator with specified geometrical parameters. The influence of geometrical parameters on the thrust characteristics is seldom studied.
Efficiency is crucial for underwater propulsion. Knowledge about the effect of geometrical parameters on thrust, especially the mechanism behind, can lead to the efficiency oriented optimal design of synthetic jet actuator underwater. The purpose of this paper is to study the effect of nozzle geometrical parameters on the thrust. This study is based on numerical method using the commercial package Fluent. The finding and conclusion in this paper can guide the optimal design of synthetic jet underwater.
The geometrical parameters studied include nozzle diameter and nozzle height. The mechanism behind the influence of nozzle geometrical parameters is analyzed using thrust model established in this paper. The thrust model in this paper decomposes the thrust into three parts. These parts have distinct dynamic characteristics. So, by adjusting the weights of these terms, the dynamic characteristics of the thrust under different nozzle geometrical parameters can be rebuilt. The analysis given in this paper is mainly based on this method. The variation of the thrust with the nozzle diameter is induced by the increase of the acceleration force and the decrease of the pressure force. When the diameter is small, the thrust is velocity dominated. While when diameter is large, the thrust is acceleration dominated. The thrust variation with nozzle height has two different patterns. The pressure force dominates the first pattern of thrust variation. And the acceleration force contributes more to the second pattern of thrust variation.
Numerical methods

Governing equations
The average velocity of the jet flow can be computed as [27] :
fr stands for the actuation frequency, which is 10 Hz in this paper, L stands for the height of the fluid column ejected by the actuator in one cycle. So the Reynolds number at the nozzle is Re jet = VD/ . D stands for the diameter of the nozzle. In this study the diameter of the nozzle is varied to study its influence on the thrust and efficiency of synthetic jet underwater. The smallest Reynolds number is 1.55 × 10 4 . Under this Reynolds number, the jet flow is fully developed turbulence. There are several methods can be used to simulate turbulent flow, including DNS(Direct numerical simulation), LES(Large eddy simulation), and RANS(Reynolds averaged numerical simulation). Ravi et al. [28] used DNS to study the effect of slot aspect-ratio on the formation and evolution of synthetic jets in quiescent and non-quiescent external flow. Rizzetta et al. [29] investigated twoand three-dimensional flow fields of finite aspect-ratio synthetic jets using DNS. Sau and Mahesh [30] used DNS to study the effect of crossflow on the dynamics, entrainment and mixing characteristics of vortex rings issuing from a circular nozzle.
Wang et al. [31] studied an active cooling substrate (ACS) device which implements synthetic jet to enhance thermal management using LES. You, Moin [32] studied and evaluated the effectiveness of synthetic jets as a separation control technique over an airfoil. Wu, Leschziner [33] investigated the physical processes involved in the injection of a synthetic jet in quiescent surroundings using LES.
From the view point of computational cost, LES and DNS at high Reynolds number flows require huge computing resources, although it could provide higher fidelity details of turbulent flowfields. At the same time, RANS simulation combined with adequate turbulence models such as the k-w SST turbulent model could provide reasonably good solutions [34] .
The obvious attraction of RANS lies in its economy: it gives (nominally) a phase-averaged representation of the flow, and thus allows far larger time steps to be used in the computational solution. And it permits a coarser mesh to be used, as the phaseaveraged fields of statistical quantities vary much more smoothly than the field of instantaneous turbulent motions.
Jain et al. [23] studied the effect of the geometrical parameters of the cavity and the nozzle on the flow characteristics of synthetic jet using RANS. The actuation frequency of the synthetic jet in this study is as high as 500 Hz. Lv et al. [24] studied the influence of the actuation frequency on the fluidic characteristics of synthetic jet using SST k-w turbulence model. Xu, Zhou [19] studied the pitching stability of a blended wing body aircraft controlled by synthetic jets using SST k-w turbulence model.
Based on these studies, in this paper, RANS method is chosen as governing equations for turbulence simulation. The flow is assumed to be incompressible, unsteady, viscous and turbulent. The computation is carried out by using the commercial CFD software FLUENT coupled with the user definition function (UDF) describing the piston movement. Pressure-implicit with splitting of operators (PISO) based on a higher degree of approximation between the iterative corrections for pressure and velocity is chosen. Second-order discretization is used for the momentum, turbulent kinetic energy, and turbulent dissipation rate. SST k-w turbulence model is used to account for the turbulent nature of the synthetic jet flow.
SST k-w turbulence model includes two equations, the equation of turbulence intensity, k, and the turbulence frequency, w, respectively. The equation of the turbulence intensity, k, is:
The equation of the turbulence frequency, w, is: In this paper the dynamic mesh technique is applied to simulate the vibration of the piston. During the computation, the mesh is updated using the following conservation equation:
This conservation equation is defined in integral form where ˚ is a flow scalar on an arbitrary control volume. The boundaries of that control volume are changing with time. u and u g define the velocities of the fluid and the moving grid respectively. is diffusion term and S is the source term.
Boundary conditions and mesh
The structure of the actuator is depicted in Fig. 1 . It is composed of a vibrating piston located at the bottom of a cavity, on the opposite face of which is a round orifice. The piston is oscillating up and down in the sinusoidal mode. The main geometric parameters of the synthetic jet actuator include diameter (D) and thickness (h) of the orifice, as well as diameter (d) and depth (H) of the cavity. The definition of the geometrical parameters is given in Fig. 1 . And the value of geometrical parameters is given in Table 1 . The effect of the nozzle diameter and nozzle height on thrust is investigated in this paper. The nozzle diameter varies from 10 mm to 50 mm and the nozzle height varies from 1 mm to 80 mm. The other geometrical parameters keep invariant.
The computational domain consists of three zones including the cavity, the orifice, and the surrounding region into which the jet exits. The bottom part of the cavity is meshed with prismatic mesh to allow for relative displacement among the nodes on the piston. The outer field and the nozzle are meshed with hexahedral elements. The upper part of the cavity which connects the nozzle is meshed with tetrahedral mesh. These three different types of elements located at different positions are depicted in Fig. 2 .
The boundary conditions are depicted in Fig. 1 . The ambient water is specified with pressure outlet. The boundary of the outer field connected to the nozzle is specified with no slipping boundary condition. Surrounding size of 80 orifice diameters (b1 in Fig. 1 ) and 100 orifice diameters (b2 in Fig. 1 ) is chosen. For this surrounding size, jet near field parameters are not affected by pressure outlet boundary condition applied at the end of the outer region. The no slipping boundary condition is also applied on the synthetic jet actuator orifice and cavity walls. The motion of the piston is the momentum and energy source of the actuator. So, the simulation of the piston is the most crucial part. Several approximations have been employed in the past to achieve this. These include using a velocity inlet boundary condition with an assumed profile at the location of the diaphragm/orifice exit. Jain et al. [23] compared the performance of these methods. It was found the mass of the fluid ejected is less by 10% for the velocity inlet boundary condition. It was suggested that the simulation of the piston should be as realistic as possible. What's more, the velocity inlet boundary condition can't simulate the force on the piston. Take all these into consideration, in this paper, the piston is modeled with moving wall with the user definition function (UDF) describing its movement. The motion of the piston is governed using the following function:
fr stands for the actuation frequency and am is the vibration amplitude of the piston. In this paper, fr is set to be 10 Hz and am is set to be 5 mm. The frequency and amplitude keep invariant in all cases. When the moving wall is vibrating, the elements connected to the moving wall will update accordingly. In order to maintain the mesh quality, a time step of 1/(200f) is chosen. In other words, one cycle is divided into 200 time steps.
Mathematical model
Several attempts have been made to establish the mathematical model of synthetic jet underwater. Krueger [35] modeled overpressure during the jet initiation using potential flow theory. This over pressure is directly related to the axial gradients in the radial velocity when the ring is forming. Krieg and Mohseni [36] derived a model to predict circulation, impulse and energy using the knowledge of jet kinematics at the entrance boundary. The unsteady acceleration terms inside and outside the cavity are quantitatively modeled in the form of the half-sink potential flow. The fluid acceleration was also considered by Anderson and DeMont [37] when they studied the mechanism of locomotion in squids.
In this paper, a mathematical model describing the thrust of synthetic jet underwater is established. The derivation of this model is based on the works of Krueger [35] , Krieg and Mohseni [36] .
The thrust is generated through the interaction between the fluid and the boundary of the actuator. So the fluid inside the actuator is chosen as the control volume as depicted in Fig. 3 . Just as the screw propeller, the thrust of the synthetic jet actuator is generated through pressure effect, the friction force between the fluid and the actuator can be ignored. So the thrust of the actuator can be expressed as:
p stands for the pressure, ∂V stands for the boundary of the actuator, n stands for the outer normal vector. Adding (6) with the integration of the pressure across the nozzle orifice, A, we can get:
In (7), A stands for the nozzle orifice, ∂V stands for the boundary of the control volume composed of A and ∂V as depicted in Fig. 3 .
Using the Gauss divergence theorem, the right side of (7) can be rewritten as:
The Navier-Stokes equation is:
In (9), Fin stands for the body force. In this paper, gravity is not considered. So, Fin can be omitted. Integrate (9) inside the whole control volume:
VdV stands for the integration of the viscous stress inside the control volume. The viscous force between the fluids can be seen as the internal force of the control volume. As a result, the result of this integration is the friction between the fluid and the actuator. This friction force can be ignored. As a result, VdV = 0. The left side of (10) stands for the momentum variation of the control volume. The momentum variation of the synthetic jet actuator composes of two main parts: the ejection or injection of the mass and the acceleration or deceleration of the inside fluid. So the left side of (10) equals to:
In (11), Q m stands for the mass flow rate at A, V stands for the average velocity at A, M and a cc stand for the mass and acceleration of the inside fluid respectively. From the analysis given in Section 4.2, it can be known only a part of the fluid will be accelerated. So M is not the total mass inside the actuator. Using (6)-(11), the thrust of the actuator can be expressed as:
The last part on the right side of (12) represents the pressure force. This pressure force can be expressed as f. So, (12) can be rewritten as:
The centerline of the jet flow is irrotational. In other regions, flow is rotational. For simplicity, the following derivation is based on the irrotational flow assumption. In other words, the jet flow is parallel with no radial velocity. The appearance of the vortex in the jet flow will introduce radial velocity. Thus change the velocity distribution (Fig. 4) .
Based on the irrotational flow assumption, the unsteady form of the Bernoulli's equation is:
∂˚∞ ∂t (14) p A , u A , ˚A is the pressure, velocity and velocity potential at the exit plane A, and p ∞ , u ∞ , ∞ is the pressure, velocity and velocity potential at far field. ˚A can be expressed as:
l0 is the position where the normal velocity of the jet decays to be negligible. The axial velocity at different distances away from the nozzle is given in Fig. 5 . Within the distance of 5D away from the nozzle, the velocity decreases very slowly. This region is the developing region. When the distance is larger than 5D, the velocity decays fast. This region is the developed region [27] . The velocity potential can be expressed as:
c (l) is the decay rate of the axial velocity. Its value depends on the axial location. It is not modeled in this paper. Instead a variable h is defined to account for the effect of the axial velocity decay. h is the integration of the decay rate along the axis. It has the same dimension with length. uA is the average velocity at the nozzle exit plane. Using (14) and (15) , the velocity potential can be expressed as:
So, the pressure at the exit plane can be expressed as:
The pressure effect f can be expressed as:
As h has the same dimension with length, M will have the same dimension with mass. M stands for the added mass of the outside fluid accelerated by the actuator. Kruger pointed out over-pressure dominates during the initial phase of the piston motion when elevated pressure is required to rapidly accelerate the fluid in front of the nozzle [35] . In this paper, the force induced by this overpressure is expressed using M acc.
Using (16)- (20), the pressure force can be expressed as:
V and acc stands for the average velocity and average acceleration at the nozzle exit plane. The above derivation is based on the assumption that the velocity is uniform at the exit plane. Actually this is not the case. The distribution of the velocity is very complicated as described by Krieg and Mohseni [36] . In this paper, velocity distribution is not modeled explicitly. Instead a variable k is defined to represent the effect of velocity distribution at the exit plane.
To be more precise, the term Au2AndS in (19) should be expressed as:
Qmi is the mass flow rate of the i-th element at the exit plane, and uAi is the velocity of the i-th element. If velocity distribution is uniform, there is:
n is the total number of the elements at the exit plane, Qmis the average mass flow rate and V is the average velocity at the exit plane. If the velocity is ununiform, there is:
According to the incompressibility of the fluid, the average velocity can be expressed as:
If the velocity is uniform, k = 1. Otherwise, k will be larger than 1. And the more ununiform is the velocity distribution, the larger will be k. This can be proved using the following example:
The other simplification made when derive the above model is the irrotationality assumption. Actually there exists vortex. The existence of the vortex will change the velocity distribution. So its effect is included into the coefficient k. Krueger [35] studied the overpressure of the synthetic jet with nonzero radial velocity. The overpressure is related to the axial gradients in the radial velocity as the ring is forming. The coefficient k in this paper also represents pressure effect. When vortex forms, the velocity distribution will become ununiform. As a result, k will increases. The pressure force will increase as well. Therefore, the overpressure caused by the existence of the vortex can be represented by the model in this paper.
Using (13)- (21), the thrust of synthetic jet can be expressed as:
M is the total mass accelerated by the actuator. As the velocity distribution is complicated, M and k are difficult to model precisely. The main purpose of this model is to analyze the variation of the thrust instead of computing the thrust directly. So M and k are not modeled. 
Results and analysis
Numerical method validation
For the consideration of accuracy and computation burden, the whole computational domain is resolved with four different sizes of grids as depicted in Fig. 6 . s1 is the mesh size of the nozzle and s2 is the first layer's height of the boundary layer at the nozzle. s3 is the mesh size of the actuator cavity and s4 is the mesh size of the outer flow field. For better connectivity, the mesh sizes in different zones satisfy: s1 = 10s2, s3 = 2s1, s4 = 5s1.
To investigate the sensitivity of the results to the grid resolution, four sets of grids are used to compute the thrust. The numerical result of the thrust under different mesh sizes is given in Fig. 7 . It can be seen, the thrust is not sensitive to the grid resolution. So, in the following computations, s1 = 0.2 is chosen as the size of the mesh.
In order to validate the numerical method adopted in this paper, a synthetic jet experiment platform is designed. The platform is composed of a synthetic jet actuator, a water tank and a 6 DOF force sensor. The synthetic jet is generated through the reciprocal motion of the piston which periodically changes the internal volume of the cavity. The piston is oscillating up and down in the sinusoidal mode driven by the cam. The oscillating frequency of the piston can be adjusted through the rotational speed of the motor (Fig. 8) .
When the synthetic jet actuator is tested, the actuator is connected to the 'tool side' of the force sensor with the other side of the force sensor fixed to the beam. The force sensor adopted is the ATI NANO25 6 DOF force sensor. Its maximum sensing range is 500N with the resolution of 1/16 N.
A diagram of the experiment platform is given in Fig. 9 . This diagram describes the relation between the forces in the system. When the actuator is running, there are totally four different types of forces. The weight of the system which is denoted as G, is a type of static force. When the cam is rotating with high speed, the eccentric mass of the cam will generate centrifugal force. The centrifugal force is denoted as Fcf in Fig. 9 . And the vibration of the system will induce small motion of the actuator. This will induce water resistance which is denoted as Fhydro. The motion of the actuator is so small that Fhydro can be ignored. The last force is the thrust of the actuator denoted as T. As modeled in section 3 (equation 12), T is the resultant effect of the fluid acceleration (M acc), the pressure force (k|Q m V|) and the momentum of the jet flow (QmV). T is generated by the motion of the fluid. Other forces are all generated through the mechanical system. G is static force while Fcf and T are dynamic force.
Considering the mounting position of the force sensor, the thrust sensed by the force sensor is the total force including G, Fcf and T. The thrust of the synthetic jet can be expressed as:
Twater is the reading of the force sensor when the actuator is placed underwater and Tair is the reading when the actuator runs in air. Twater can be expressed as:
Tair can be expressed as:
F cf , T and G stands for the centrifugal force, gravity and the thrust in air. The magnitude of Fcf and G only depends on the mechanical system and have no relation to do with the medium. So, F cf = F cf and G = G. T stands for the thrust in air. As the density of the air is much smaller than that of the water, T can be ignored. So, thrust of synthetic jet can be computed as the difference between the reading of the force sensor underwater and in air. When the cam is rotating with high speed, the centrifugal force will cause the vibration of the beam. This will cause the measurement to be very noisy. So the thrust data is low-pass filtered. The filter adopted is the Chebyshev low pass filter. The cutting frequency is 20 Hz.
The thrust of the actuator under the actuation frequency of 10 Hz is given in Fig. 10 . The numerical result under the same condition is also given in Fig. 10 . The relative error of the thrust prediction is given in Fig. 10 . The relative error is defined to be: From Fig. 10 , it can be seen at most times within one period the relative error of the thrust is below than 10%. The thrust of synthetic jet is a type of dynamic force. For dynamic force, besides the magnitude, the dynamic characteristic of the force is also important. Dynamic characteristic is the variation of the force with time. From Fig. 10 , the time interval of the increase and decrease of the thrust as well as the position of the peak and valley of the thrust agrees well with the experiment result. In this paper, the dynamic characteristic of the thrust is the main concern. Although there are errors between the magnitude between the numerical and experiment result, the dynamic characteristic of the thrust can be precisely predicted by the numerical method. So the numerical method adopted in this paper can be effectively used to study the effect of the nozzle diameter and nozzle height on the thrust characteristics of synthetic jet underwater.
Effect of nozzle diameter
The thrust enhancement of synthetic jet is specifically due to the formation of a primary vortex ring, which happens when a jet is ejected from rest into stationary fluid [1, 6, 35, 36] . And the formation of this vortex is easily affected by the geometrical parameter of the actuator. A nondimensional parameter affects the fluidic characteristic of synthetic jet flow is the stroke ratio. Stroke ratio is defined to be L/D with L stands for the height of the fluid column ejected by the actuator in one period and D stands for the diame- ter of the nozzle. Using the geometrical and actuation parameters, stroke ratio can be defined to be:
The diameter of the cavity, d, and the piston amplitude, am, keep invariant. So, the stroke ratio is inversely proportional to the nozzle diameter. The stroke ratio under different nozzle diameters computed using (35) is given in Table 2 . Using (1) and the geometrical and actuation parameters, the Reynolds number can be expressed as:
(36) is the Reynolds number computed using the average jet velocity during the jetting cycle. The other way is using the peak velocity, which can be expressed as:
The Reynolds number Reave and Remax under different nozzle diameters is also given in Table 2 . The smallest Re is 1 × 10 4 . So, the flow in all cases is fully developed turbulence. When the stroke is near to the formation number which is 4 in most cases, the efficiency of the synthetic jet is highest [6] . By (35) , it is evident that the larger is the diameter, the smaller will be the stroke ratio.
The effect of L/D on efficiency of synthetic jet flow was intensively investigated [1, 6, 35, 38, 39] . In those studies, the L/D is varied through alternating the stroke of the piston. What's more, these studies mainly considered the time-averaged thrust or the structure of the vortex. The dynamic characteristic, that is, the variation of the thrust with time is not considered. As synthetic jet is pulsed jet, the dynamic characteristic of the thrust is also important for underwater applications. In this section, the influence of the nozzle diameter on the thrust dynamic characteristics of synthetic jet underwater is studied. The variation of the stroke ratio is realized through the alternating of the nozzle diameter. The diameter of the cavity in this paper is 50 mm. As a result, the maximum nozzle diameter studied is 50 mm.
The thrust of the actuator under different nozzle diameters is given in Fig. 11 . When the nozzle diameter increases from 10 mm to 20 mm, the negative peak of the thrust increases drastically. While within the range of 20 mm to 50 mm, the negative peak merely changes. It can also be seen, with the increase of the diameter, the thrust at the initial time increases. When the diameter is 10 mm, the thrust at the initial time is the negative peak of the thrust. The thrust curve resembles the velocity function (5) . While when the diameter is 50 mm, the thrust at the initial time becomes to 0. Compared with thrust under diameter of 10 mm, the thrust under diameter of 50 mm is 90 • phase lagged.
Using (5), the acceleration of the piston can be expressed as:
From Fig. 11 , it can be known when the diameter is 10 mm, the dynamic characteristic of the thrust resembles that of the velocity. While, with the increase of the diameter, the dynamic characteristic of the thrust transits from cosine type to sinusoidal type. When the diameter is 50 mm, the dynamic characteristic of the thrust is the same with that of the acceleration. As derived in section 3, the thrust of synthetic jet composes of three parts. Next, the variation of the acceleration and the pressure force will be analyzed.
The pressure force f is monitored through the plane created at the nozzle exit. It is the surface integral of the static pressure. The pressure force decrease with the nozzle diameter as can be seen from Fig. 12. From (21) , the pressure force can be expressed as k|Q m V|. Its magnitude depends on k and V. The average velocity at the nozzle exit can be expressed as:
The velocity of the piston keeps invariant under different nozzle diameters. So the average velocity at the nozzle exit decreases with the nozzle diameter. The other factor effect the pressure force is the velocity distribution. As derived in section 3, the more ununiform is the velocity distribution, the larger is k. The velocity distribution at the exit plane during injection and ejection is given in Fig. 13 . The velocity distribution is monitored through the line created in fluent. This line is the diameter of the nozzle as depicted in Fig. 14 . The velocity distribution given in Fig. 13 is the radial distribution, in other words, the velocity distribution along the diameter. It can be seen, the larger is the diameter, more uniform is the velocity distribution. So the larger is the diameter, the smaller will be k. As both k and V decrease, the pressure force will decrease with the nozzle diameter.
The flowfield inside the cavity during ejection is depicted in Fig. 15 . Ejection cycle corresponds to 0-T/4 and 3T/4-T. The flow field given in Fig. 15 corresponds to t = T. At t = T, the ejection is maximum. When the diameter is 10 mm, there exit two vortex inside the cavity. These vortexes are formed during the last injection cycle. During ejection cycle, the flow attempting to leave the cavity will be in counterflow with the decelerating vortices from the injection cycle. The outgoing flow is blocked by the vortex and can only flow along the cavity wall as can be seen from Fig. 16(a) . Because of these two vortexes, a large portion of the inside fluid is swirling instead of being accelerated and expelled outside the cavity. When the diameter is 30 mm, the strength and size of the inside vortex is greatly reduced. A much larger portion of fluid is accelerated and expelled outside the cavity during the blowing cycle. When the diameter increases to 50 mm, the inside vortex disappears completely. All the inside fluid is accelerated and expelled outside. This means with the increase of the diameter, more fluid will be accelerated. In other words, the contribution of the acceleration force becomes more significant under large nozzle diameter.
As derived in section 3, the thrust composes of three terms and these terms has distinct dynamic characteristic. QmV has the same dynamic characteristic with cos (x), M acc has the same dynamic characteristic with sin (x) and k|Q m V| has the same dynamic characteristic with | cos (x) |. The dynamic characteristic of the thrust under different nozzle diameters can be rebuilt using the following function:
M stands for the contribution of the acceleration term, Qm stands for the contribution of the jet momentum term and k stands for the contribution of the pressure force term. is a function describing the dynamic characteristic. It composes of the same parts with the thrust. By varying the relative magnitude of these coefficients, M , Qm and k, different dynamic characteristics can be realized. Using this method, the mechanism behind the variation of the thrust dynamic characteristic under different nozzle diameters can be analyzed. with different M , Qm and k is given in Fig. 17 . The three different curves in Fig. 17 stand for three different dynamic characteristics. Curve CI corresponds to small nozzle diameter and curve CIII corresponds to large nozzle diameter. It can be seen, the variation of the dynamic characteristic of in Fig. 17 resembles that of the thrust in Fig. 11 . The coefficients of curve CI, CII and CIII are given in Table 3 . From coefficients given in Table 3 , it can be known, when the diameter is small, the contribution of the acceleration term is much smaller compared with the contribution of QmV and k|Q m V|. QmV and k|Q m V| are related to the jet velocity. So when the nozzle diameter is small, velocity term dominates the thrust generation.
. The working sequence of the piston is given in Fig. 16 With the increase of the diameter, the contribution of the acceleration term increases. On the other hand, the contribution of QmV and k|Q m V| decreases. When the nozzle diameter increases to 50 mm, the contribution of the acceleration term is much larger than the contribution of QmV and k|Q m V|. So when the nozzle diameter is large, the acceleration term dominate the thrust generation.
Effect of nozzle height
The height of the nozzle also has a significant impact on the thrust and fluidic characteristic of synthetic jet underwater. When the nozzle height is small, the boundary layer at the nozzle is not fully developed. As a result, the formation of the vortex will be affected.
In this section, the height of the nozzle is varied to study its influence on the thrust dynamic characteristic. The height of the nozzle varies from 1 mm to 80 mm. As can be known from (35) , (36) and (37) , the stroke ratio and the Reynolds number don't depend on the nozzle height. In this section, the nozzle diameter is 10 mm and keeps invariant. So, the stroke ratio in this section is L/D = 25 and Reynolds number is Re = 3.5 × 10 4 .
The thrust under different nozzle heights is depicted in Fig. 18 . The variation of the thrust in this section has two different patterns. When the nozzle height increases from 1 mm to 20 mm, the negative peak increases drastically. While the positive peak changes slightly. As the nozzle height continues to increase from 20 mm to 80 mm, the negative peak merely changes. On the other hand the positive peak increases drastically.
The pressure force is monitored during numerical computation. It is the surface integral of the static pressure at the nozzle exit plane. It can be seen from Fig. 19 , during injection the pressure force merely changes. While during ejection, the pressure force differs from each other.
The radial distribution of the jet velocity during the maximum ejection (t = T) and injection (t = T/2) is given in Fig. 20 . The velocity is monitored through the line created in fluent as depicted in Fig. 14 . During injection the radial velocity distribution is close to each other. While during ejection, with the increase of the nozzle height, the velocity distribution becomes more uniform. As derived in section 3, the pressure force depends on the velocity distribution. And the more uniform is the velocity distribution, the smaller will be the pressure force.
The difference between the radial velocity distributions under different nozzle heights is induced by the developing of the vortex. When the jet flow is ejected outside the actuator, the shear layer between the nozzle and the jet flow separates and rolls up into a vortex ring. The difference between the flow characteristic under small and large nozzle heights is given in Fig. 21 . Fig. 21 corresponds to the beginning of the jetting cycle, that is t = 3T/4.
When the nozzle height is small, the developing of the vortex is merely affected by the nozzle wall. The strength of the vortex is not undermined. A large port of momentum of the jet flow is taken by the vortex. As a result, the velocity near the nozzle wall is higher than the velocity at the center. On the other hand, when the nozzle height is large, the developing of the vortex will be blocked by the nozzle wall. And due to the friction between the jet flow and the nozzle, the velocity near the wall is greatly reduced. In this case, the shearing between the wall and the jet flow is also reduced. As a result, the strength of the vortex is undermined. The momentum taken by the vortex is much smaller compared with that under the small nozzle height. So, the velocity near the wall is smaller than that at the nozzle center. As a result, the velocity distribution becomes more uniform.
From Section 3, it can be known the pressure force actually compose of two parts, |Q m V| and M acc. |Q m V| depends on velocity distribution while M acc is the inertial force induced by the accel- eration of the fluid in front of the nozzle. The axial distribution of the jet velocity during the maximum injection (t = T/2) and ejection (t = T) is given in Fig. 22 . The jet velocity is monitored through key points along the axial direction created in fluent as depicted in Fig. 14 . These points spread from the nozzle exit to the farfield with the spacing of D. The axial velocity distribution describes the developing of the jet flow velocity along the centerline. The axial velocity distribution during injection is nearly the same under different nozzle heights. While during ejection, with the increase of the nozzle height, the axial velocity decreases. In this case, the fluid acceleration will decrease. The pressure force induced by M acc also decreases.
As a result, the pressure force decreases with the nozzle height. From Fig. 22 , it can be seen under different nozzle heights, the axial velocity distribution at farfield is the same. This means the nozzle height will only affect the flowfield near the nozzle (about 9D) during ejection.
According to the analysis given above, similar to that in section 4.1, the dynamic characteristic of the thrust can also be rebuilt using:
Table 4
The coefficients used to rebuild the first pattern of the thrust dynamic characteristic.
M stands for the contribution of the acceleration term, Qm stands for the contribution of QmV, k and k stands for the contribution of the pressure force during injection and ejection respectively. By adjusting the coefficients in (41), the mechanism behind the variation of thrust dynamic characteristic under different nozzle heights can be analyzed. The variation of the thrust dynamic characteristic has two different patterns. As a result, will be modeled using two sets of coefficients. Fig. 23 corresponds to the first pattern of the thrust dynamic characteristic. Curve CI corresponds to small nozzle height and curve CIII corresponds to large nozzle height. It can be seen, with the increase of the nozzle height, the negative peak of the curve increases. On the other hand, the positive peak merely changes. This is similar to the first pattern of the thrust dynamic characteristic given in Fig. 18 . From the coefficients given in Table 4 , it can be known the variation of the acceleration term is small. On the other hand, the variation of the pressure force is large. So the variation of pressure force dominates the thrust variation when nozzle height is within 20 mm. As the pressure force is related to jet velocity, it is equivalent to say the variation of velocity dominates the thrust variation. Fig. 24 corresponds to the second pattern of the thrust dynamic characteristic. CI corresponds to small nozzle height and CIII corresponds to large nozzle height. It can be seen, with the increase of the nozzle height, the positive peak of the curve increases. On the other hand, the negative peak merely changes. This is similar to the thrust dynamic characteristic under nozzle height of 20 mm to 80 mm. From the coefficients given in Table 5 , it can be known the Fig. 24 . The second pattern of the thrust dynamic characteristic. Curve CI corresponds to the small nozzle height and curve CIII corresponds to large nozzle height.
Table 5
The coefficients used to rebuild the second pattern of the thrust dynamic characteristic. variation of the acceleration term is larger than the variation of the pressure force. So the acceleration term dominates the thrust variation when nozzle height is larger than 20 mm. With the increase of the nozzle height, the mass of fluid inside the actuator increases as well. As a result, the acceleration force will increase.
Conclusions
In this paper, the effect of nozzle geometrical parameters on the thrust characteristics of synthetic jet underwater is investigated. The geometrical parameters studied include nozzle diameter and nozzle height. The study is based on numerical method and the numerical method is validated using experiment data. The mechanism behind the thrust variation is analyzed through adjusting the weights of the three terms constituting the thrust.
The variation of thrust with nozzle diameter is induced by the acceleration force and the pressure force. When the diameter is small, there exist two vortexes inside the cavity. These vortexes are formed during the last injection cycle. A large portion of fluid inside the cavity is swirling due to the existence of these vortexes. Only a small portion of fluid is accelerated and expelled outside the actuator during the ejection cycle. Therefore the contribution of the acceleration force to the thrust generation is very small compared to the other two parts which is mainly related to jet velocity. In this case, the thrust is velocity dominated. With the increase of the diameter, the strength of the inside vortex is greatly weakened. As a result, the portion of fluid accelerated increases. On the other hand, the jet velocity is greatly reduced and the velocity distribution becomes more uniform. In this case, the contribution of the acceleration force increases while the contribution of pressure force decreases. So when diameter is large, the thrust is acceleration dominated.
The variation of the thrust with the nozzle height has two distinct patterns. In the first pattern, the negative peak increases drastically while the positive peak merely changes. While, in the second pattern, the positive peak increases with the negative peak merely changes. The thrust variation is also induced by the variation of the acceleration force and the pressure force during the ejection cycle. During injection, the radial velocity distribution, the axial velocity distribution and the pressure force are all close in different cases. When the nozzle height is within 20 mm, the radial and axial velocity distribution change drastically with the increase of the nozzle height. While the increase of the acceleration is not significant. So the first pattern of thrust variation is induced by variation of velocity. When the nozzle height continues to increase from 20 mm, the velocity distribution changes subtly. On the other hand, the increase of the nozzle height will make more fluid accelerated. So the second pattern of thrust variation is mainly induced by the variation of acceleration.
